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We extend the chameleon models by considering Scalar-Fluid theories where the coupling between
matter and the scalar field can be represented by a quadratic effective potential with density-
dependent minimum and mass. In this context, we study the effects of the scalar field on Solar
System tests of gravity and show that models passing these stringent constraints can still induce
large modifications of Newton’s law on galactic scales. On these scales we analyse models which
could lead to a percent deviation of Newton’s law outside the virial radius. We then model the dark
matter halo as a Navarro-Frenk-White profile and explicitly find that the fifth force can give large
contributions around the galactic core in a particular model where the scalar field mass is constant
and the minimum of its potential varies linearly with the matter density. At cosmological distances,
we find that this model does not alter the growth of large scale structures and therefore would be
best tested on galactic scales, where interesting signatures might arise in the galaxy rotation curves.
I. INTRODUCTION
Scalar fields may play a fundamental role in the physics
of the late time Universe [1]. They could lead to the ac-
celeration of the expansion of the Universe and/or mod-
ify gravity on large scales with an impact on the growth
of large scale structures [2]. These effects have to be
tamed by the requirement that local physics, i.e. in the
Solar System and the laboratory, does not deviate largely
from the behaviour anticipated for particles and objects
described by standard physics. This can be achieved
by essentially three known screening mechanisms: the
chameleon [3, 4], Vainshtein and K-mouflage mecha-
nisms [5]. The Vainshtein [6] and K-mouflage mecha-
nisms [7] imply that nearly spherical objects screen the
scalar field within a certain (Vainshtein or K-mouflage)
radius. In general, the Vainshtein mechanism for relevant
astrophysical objects from stars to Galaxy clusters are
screened, i.e. they lie well within their Vainshtein radii.
For K-mouflage, solar-like stars are screened while galaxy
clusters are not and galaxies are at the boundary between
the screened and unscreened cases [8]. For chameleon-
like theories such as f(R) in the large curvature regime,
only objects with low surface Newton potentials can be
unscreened, e.g. dwarf galaxies [9].
Inverse power law chameleons are a prime example
where the constraints from Solar System physics are
stringent [4]. In this paper we will extend this class of
chameleon theories and apply Solar System constraints to
bound the parameters of these newly proposed models.
There are three important tests. The first one is given by
the absence of fifth force in the Solar System at the 10−5
level as provided by the Cassini experiment [10]. The sec-
ond one is the test of the strong equivalence principle in
the Moon-Earth-Sun system at the 10−13 level given by
the Lunar Ranging experiment [11, 12]. Finally the same
experiment bounds the perihelion advance of the Moon
around the Earth at the 10−11 level [13]. It turns out
that the only mass scale of inverse power law chameleon
models is constrained to be less than 10−3 eV, a scale
compatible with the dark energy scale now [3, 4]. These
chameleon models can be mimicked in the Solar System
using a density dependent massive scalar field whose po-
tential has a minimum which also depends on the density
of the environment.
In this paper, we generalise chameleon models to a
generic scalar field model with a mass and a minimum
which are both density-dependent and not related with
each other. In other words the mass and the minimum
of the scalar field potential can in principle be specified
as completely arbitrary functions of the environmental
density. We apply the three tests already mentioned in
the Solar System and consider the behaviour of the scalar
field on galactic scales. We focus on models which pass
the Solar System tests and have a non-negligible effect on
galaxies. In the galactic case, we first study the effects of
the scalar interaction outside the virial radius and impose
that the modifications of Newton’s law should not exceed
one percent. We then present an explicit integration of
the scalar equation of motion for a Navarro-Frenk-White
(NFW) profile [14], in the case where the mass is a con-
stant and the minimum of the potential varies linearly
with the density, and we find that the scalar force can
have significant effects inside the galactic halo and in
particular around the core size of the galaxy Rs. We also
consider the physics on cosmological and galaxy cluster
scales and in particular the growth of these structures in
the linear regime.
The models considered in this paper can be embedded
in the wider class of Scalar-Fluid theories [15–18], where
completely general couplings between the scalar field and
the matter sector (effectively described as a fluid) can be
handled. These theories have been recently introduced
as a possible new framework for interacting dark energy
where the field equations, being derived from a consistent
Lagrangian, are well-defined at all orders, implying that
not only the background cosmological equations [15, 16],
but also the perturbations equations [17, 18], can be
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2straightforwardly analysed. Moreover Scalar-Fluid cou-
plings appear to express new features which have previ-
ously been overlooked in the phenomenological construc-
tion of interacting dark energy models [19]. Within such
a framework the scalar-matter interaction can be investi-
gated in full generality and extensions of well known mod-
els can be consistently formulated. As mentioned above,
in this paper we will focus on extensions of chameleon
theories. We will consider applications of these extended
theories to scales ranging from the Solar System to cos-
mology. In particular we will study the new screening
mechanisms that can be obtained at Solar System and
galactic distances, the possible effects on the galaxy rota-
tion curves and finally the cosmological background and
the growth of structures.
In more detail the plan of the paper is the following.
In Sec. II we will briefly review the theoretical setting
of Scalar-Fluid theories, we will discuss the choice of the
effective scalar-matter coupling and we will obtain the
fifth force potential for a static non-relativistic environ-
ment. Furthermore we will find general solutions for a
constant sphere density profile, we will discuss the screen-
ing conditions and finally we will present the current So-
lar System constraints employed in this paper. Using
the results of Sec. II, in Sec. III we will then present
a new class of screening models which naturally extend
the chameleon paradigm. Furthermore we will find the
constraints on the parameters of different theories within
this class, including also standard chameleons, given by
the Solar System observations previously discussed. In
Sec. IV we will investigate the possible effects of these
new class of models at galactic scales, first outside the
virial radius, assuming a constant density profile, and
then inside the galactic halo, assuming a Navarro-Frenk-
White (NFW) profile. In the latter situation we will also
show the interesting signatures that might arise in the
galactic rotation curves. In Sec. V we will then con-
sider the dynamics of these new models at cosmological
and cluster scales, analysing the possible deviations from
ΛCDM in the growth of structures. Finally we will dis-
cuss the results and draw our conclusions in Sec. VI.
Notation. Throughout the whole paper we will use
units with ~ = c = G = 1, measuring all physical quan-
tities in GeV. We set MPl = 1/κ to be the (reduced)
Planck mass.
II. GENERAL THEORY AND SOLAR SYSTEM
CONSTRAINTS
In this first section we briefly introduce the general
framework of Scalar-Fluid theories, focusing on the el-
ements that will be important in the analysis that fol-
lows. We will also provide the conditions under which
the screening of the scalar field is effectively attained and
will present the Solar System experiments that will be
subsequently used to set constraints on the theoretical
models.
A. Scalar-Fluid action and scalar field equation
The general action of Scalar-Fluid theories can be writ-
ten as [15, 17]
S =
∫
d4x (Lgrav + Lfluid + Lφ + Lint) , (1)
where Lfluid represents matter in a perfect fluid form and
is given by
Lfluid = −
√−g ρ(n, s) + Jµ (ϕ,µ + sθ,µ + βAαA,µ) , (2)
where g is the determinant of the metric tensor gµν and
ρ is the energy density of the fluid. We assume ρ(n, s)
to be prescribed as a function of n, the particle number
density, and s, the entropy density per particle. ϕ, θ and
βA are all Lagrange multipliers with A taking the values
1, 2, 3 and αA are the Lagrangian coordinates of the fluid.
The vector-density particle number flux Jµ is related to
n as
Jµ =
√−g nUµ , |J | = √−gµνJµJν , n = |J |√−g ,
(3)
where Uµ is the fluid 4-velocity satisfying UµU
µ = −1.
The details of the relativistic fluid description repre-
sented by the Lagrangian (2) can be found in [20].
The gravitational sector Lgrav is given by the standard
Einstein-Hilbert Lagrangian
Lgrav =
√−g
2κ2
R , (4)
where R is the curvature scalar with respect to the metric
gµν , while the scalar field Lagrangian is given by
Lφ = −
√−g
[
1
2
∂µφ∂
µφ+ V (φ)
]
, (5)
with V a general potential for φ. Finally for the inter-
acting sector we will initially consider a general algebraic
coupling of the type
Lint = −
√−g f(n, s, φ) , (6)
where f(n, s, φ) is an arbitrary function which will specify
the particular model at hand.
Action (1) has to be varied with respect to the fields
gµν , φ, Jµ, s and to the Lagrange multipliers ϕ, θ, βA,
αA (which are however not relevant in the analysis that
follows). The field equations in full detail are provided
and discussed in [15, 17] and will not be repeated here.
We are only interested in the equation for the scalar field
which reads
φ− ∂V
∂φ
− ∂f
∂φ
= 0 , (7)
3where φ = gµν∇µ∇νφ with ∇µ the covariant derivative
with respect to gµν . Note that the scalar field is subject
to the effective potential
Veff = V (φ) + f(n, s, φ) , (8)
which generally depends on the distribution of surround-
ing matter through the particle number and entropy den-
sity of the fluid.
B. Choice of the Scalar-Fluid coupling
In our analysis we will make the two following simpli-
fying assumptions:
• The coupling function f will not depend on the
entropy density s (adiabatic coupling).
• The fluid will describe only non-relativistic matter
for which ρ ∝ n. The scalar field will thus not be
coupled to radiation which will be ignored in what
follows.
Taken together these two requirements imply that the
coupling function depends only on φ and ρ, i.e. f(ρ, φ).
Note that the choice
f = −ρ+ ρ exp(βφ) (standard chameleon) , (9)
with β constant, corresponds to the standard chameleon
model [3, 4, 21], as can be seen by looking at the re-
sulting effective potential (8) [22]. The usual chameleon
screening occurs since the height, mass (second deriva-
tive) and location of the minimum of the potential all
change as ρ changes. All these quantities vary in a de-
termined manner dictated by the specific form of the
effective chameleon potential. However in the Scalar-
Fluid models we have the freedom to choose the function
f(φ, ρ) at will and thus to let such quantities vary inde-
pendently. In order to accomplish this, we can expand
the effective potential (8) around its minimum obtaining
Veff(ρ, φ) = V0(ρ) +
1
2
m2(ρ) [φ− φ0(ρ)]2 + . . . , (10)
where V0 is the value of Veff at the minimum, φ0 its lo-
cation and the mass is defined as
m2(ρ) =
∂2Veff
∂2φ
∣∣∣∣
φ0
. (11)
All these quantities generally depends on ρ and the dots
in Eq. (10) denote cubic and higher order terms in φ −
φ0. Of course the linear order term in φ − φ0 does not
appear since we are expanding around the minimum of
the potential.
The height of the minimum V0(ρ) is physically mean-
ingless since it does not interact with the scalar field and
can always be reabsorbed into the definition of the matter
energy density. To see this one can substitute Veff back
into the Scalar-Fluid action (1). Then one can redefine
the matter energy density as ρ 7→ ρ˜ = ρ+V0(ρ) and thus
require that the new function ρ˜ describes the physical
energy density of non-relativistic matter. Classically this
correspond to the fact that the potential energy cannot
be defined absolutely, but only its relative value carries
a physical meaning. Moreover a non vanishing V0 would
not affect the analysis that follows since its effects would
not appear in Eq. (7).
Given the considerations above in what follows we will
assume an effective potential given by
Veff(ρ, φ) =
1
2
m2(ρ) [φ− φ0(ρ)]2 . (12)
This will well approximate any possible effective poten-
tial as long as the scalar field always satisfy |φ−φ0φ0 |  1,
i.e. as long as the scalar field takes values in the neigh-
bourhood of the minimum φ0.
C. Fifth force potential
In Scalar-Fluid theories the geodesic motion of test
particles is modified due to the presence of a fifth force
Fµ:
dUµ
dλ
+ ΓµσνU
σUν = Fµ . (13)
where Γµσν is the Levi-Civita connection with respect to
gµν and λ is an affine parameter along the geodesic. The
general expression for Fµ has been derived in [15] and
reads
Fµ = − h
νµ
ρ+ p+ pint + ρint
(
p,ν + pint,ν +
∂f
∂φ
φ,ν
)
,
(14)
where p is the fluid pressure, the projective tensor hµν is
defined as
hµν = gµν + UµUν , (15)
and we used the general definitions
ρint = f(n, s, φ) and pint = n
∂f(n, s, φ)
∂n
− f(n, s, φ) .
(16)
For what concerns us here, given the assumptions out-
lined in Sec. II B, the fifth force (14) reduces to
Fµ = −hνµ∂ν
[
log
(
1 +
∂f
∂ρ
)]
. (17)
At this point we consider the Newtonian limit of the
geodesic equation (13). Within this limit the metric ten-
sor can be taken to be diagonal with
g00 = −1− 2ΨN and gij = δij(1− 2ΨN ) . (18)
4We will also assume that all velocities involved are negli-
gible if compared with the speed of light and in particular
we will consider
Uµ =
∂xµ
∂λ
= (
∂t
∂λ
, 0, 0, 0) . (19)
Moreover all dynamical quantities will be assumed to be
static, namely
∂ΨN
∂t
= 0 ,
∂φ
∂t
= 0 ,
∂ρ
∂t
= 0 . (20)
Then the time-component of Fµ will vanish and the time-
component of the geodesic equation (13) will reduce to
d2t/dλ2 = 0 implying nothing but dλ ∝ dt. The spatial-
components of the geodesic equation (13) will instead
give
d2xi
dt2
+
∂ΨN
∂xi
= − ∂
∂xi
[
log
(
1 +
∂f
∂ρ
)]
, (21)
which can be rewritten as
d2xi
dt2
= − ∂
∂xi
(ΨN + Ψ5) , (22)
where we have defined the fifth force potential as
Ψ5 = log
(
1 +
∂f
∂ρ
)
. (23)
Eq. (22) is nothing but Newton’s second law of motion
with an acceleration defined by a total potential given
by the sum of the gravitational and fifth force potentials.
Wherever the fifth force potential is negligible in com-
parison with the Newtonian potential, test masses will
not feel the fifth force and follow Newton’s gravitational
laws. In other words the condition
Ψ5  ΨN (screening condition) , (24)
guarantees that all local effects of the fifth force have no
physical consequences.
At this point we want to find the fifth force potential
for the coupling function (12) that we will consider in
the following sections. First we note that in the standard
chameleon case (9) the fifth force potential coincides with
the scalar field, namely Ψ5 ∝ φ. In any other situation
however the potential Ψ5 will not be proportional to the
scalar field and will in general depend on the matter en-
ergy density ρ. If the scalar field effective potential (12)
is chosen then the fifth force potential becomes
Ψ5 = log
[
1−m2 ∂φ0
∂ρ
(φ− φ0) + 1
2
∂m2
∂ρ
(φ− φ0)2
]
.
(25)
As mentioned above the effective potential (12) is ex-
pected to approximate any possible potential as long as
|φ−φ0φ0 |  1. In this situation the fifth force potential can
be expanded around the value of φ0. The result is
Ψ5 = −m2 ∂φ0
∂ρ
(φ− φ0)
+
1
2
[
∂m2
∂ρ
−m4
(
∂φ0
∂ρ
)2]
(φ− φ0)2 + . . . , (26)
where dots denote again cubic and higher orders in φ−φ0.
D. Constant spherical profile
Let us now consider a spherical distribution of matter
with constant energy density ρin up to a certain radius
R and ρout outside such radius. We will assume
ρ(r) = ρin for r ≤ R , (27)
ρ(r) = ρout for r > R , (28)
where r is the radial distance from the centre of the
sphere. Such a matter distribution should ideally de-
scribe the Sun or a planet in the Solar System, with ρin
the mean matter density inside the sphere and ρout the
mean value for the interplanetary space within the Solar
System. In Sec. II F we will use such idealization to put
constraints on the parameters of our models.
An important issue must be made clear before pro-
ceeding. The fifth force potential (25) depends not only
on the scalar field, as it happens in chameleon theories,
but it also depends on the matter energy density ρ. This
implies that if ρ is discontinuous somewhere in space-
time, then an infinite fifth force will be present at that
point providing thus a non physical result. In the case
of a constant sphere considered in this section, at the
boundary of the sphere, i.e. at r = R, the energy density
ρ is formally discontinuous and an infinite fifth force is
expected. Nevertheless such spherical profile should only
be taken as an idealization valid only at scales sufficiently
large so that the real solar or planetary matter distribu-
tions can effectively be described by a constant sphere.
For an investigation in the region r ' R more suitable
matter distributions should be employed. If those matter
distributions are continuous over the whole spacetime, as
expected down to molecular and atomic scales, then no
infinite fifth force will ever be present. As a result we will
match the profiles at R(1− ) with the ones at R(1 + ),
where   1 represents the width below which we can-
not trust a discontinuous profile. Using this procedure,
we will have well-defined solutions for all r where R R
is the cut-off scale of the model.
If now we assume the scalar field to depend only on
the radial coordinate r, then equation (7) in spherical
coordinate (for the Minkowski metric) becomes
φ′′(r) +
r
2
φ′(r) = m2 [φ(r)− φ0] , (29)
where a prime denotes differentiation with respect to r
and we recall that m2 and φ0 depend on ρ(r). Our task
5now is to find two solutions of Eq. (29): an inside solution
φin with ρ = ρin and an outside solution φout with ρout.
We will then match the two solutions requiring them to
be continuous and differentiable at r = R, i.e. requiring
φin(R) = φout(R) and φ
′
in(R) = φ
′
out(R) , (30)
and we will impose the following boundary conditions
lim
r→0
φ′in(r) = 0 and lim
r→∞φout(r) = φ
out
0 . (31)
In what follows the definitions
φout0 = φ0(ρout) , φ
in
0 = φ0(ρin) , (32)
m2in = m
2(ρin) , m
2
out = m
2(ρout) , (33)
will be used in order to simplify the notation.
For both the inside and outside solutions m2 and φ0
are nothing but constants in Eq. (29). In this case the
general solution to Eq. (29) can be written as
φ(r) = φ0 +
c1
r
emr +
c2
r
e−mr , (34)
where c1 and c2 are two constants of integration. Impos-
ing the boundary conditions (31) to this general solution
one finds the inside and outside solutions as
φin(r) = φ
in
0 +
(
φout0 − φin0
)
Cin
R
r
sinh (minr) , (35)
φout(r) = φ
out
0 +
(
φin0 − φout0
)
Cout
R
r
emout(R−r) , (36)
where Cin and Cout are dimensionless constants whose
values is obtained computing the matching conditions
(30) as
Cin =
(1 +moutR)
minR cosh (minR) +moutR sinh (minR)
, (37)
Cout =
minR cosh (minR)− sinh(minR)
minR cosh (minR) +moutR sinh (minR)
. (38)
At this point one can find the fifth force potential sub-
stituting the solutions (35) and (36) into Eq. (25). We
will only consider the outside solution (36), since the
physical applications we are interested in concern only
the region r  R. Moreover we will focus on models
where the screening might give rise to possible detectable
effects, i.e. we will neglect theories where the interaction
between the scalar field and the surrounding matter is so
small as to give a fifth force which is basically zero within
the Solar System. Such requirement can be translated in
the following assumption:
• moutrs.s. . 1 where rs.s. can be taken as the max-
imal distance within the Solar System and esti-
mated as rs.s. ∼ 1028 GeV−1. This condition en-
sures that the exponential in (36) does not become
too small, forcing in this manner the outside solu-
tion to equal φ0 and thus the fifth force potential
(25) to vanish everywhere (Yukawa suppression);
This assumption must be satisfied by any particular ef-
fective potential describing the Scalar-Fluid interaction,
otherwise no observable effects of the fifth force will ap-
pear, at least at Solar System scales. For each model
we will refer to the part of its parameter space where
this assumption is satisfied as the fifth force’s “detectable
range” in the Solar System.
Well within such range, i.e. for moutrs.s.  1, the fifth
force potential can be taken to be
Ψ5 ' log[1− Coutm2out
∂φ0
∂ρ
∣∣∣∣
out
(
φin0 − φout0
) R
r
+
C2out
2
∂m2
∂ρ
∣∣∣∣
out
(
φin0 − φout0
)2 R2
r2
] , (39)
which at the second order in R/r can be expanded as
Ψ5 ' −Coutm2out
∂φ0
∂ρ
∣∣∣∣
out
(
φin0 − φout0
) R
r
+
C2out
2
[
∂m2
∂ρ
∣∣∣∣
out
−m4out
(
∂φ0
∂ρ
)2
out
] (
φin0 − φout0
)2 R2
r2
,
(40)
where higher order terms in R/r have been neglected.
This fifth force potential gives rise to corrections in 1/r
and 1/r2 to the Newtonian potential, which can be con-
strained by Solar System observations; see Section II F.
Before analysing the constraints given by Solar System
tests, we first discuss some qualitative features that can
be extracted from the fifth force potential just obtained.
From Eq. (40) it is clear that if the minimum of the effec-
tive potential does not change between inside and outside
the sphere, namely if φin0 = φ
out
0 , then Ψ5 = 0 and no fifth
force ever arises. Thus for any signature of the scalar field
to be detected within the Solar System, one must always
have a screening mechanism where the minimum of the
effective potential depends on the surrounding distribu-
tion of matter. Note that this indeed happens in well
known screening mechanisms such as the chameleon and
symmetron mechanisms. This is an interesting and im-
portant conclusion which tells us that deviations from
Newton’s law can appear only if the minimum of the ef-
fective potential depends on the environment. In other
words, if only the mass of the effective potential, and not
its minimum, depends on the surrounding distribution
of matter, then the fifth force will vanish everywhere, at
least within the Solar System.
E. Screening
The models that we have introduced generalise the
chameleon mechanism and the existence of a thin-shell.
To illustrate this let us consider the case of a spherical
object of radius R0 and mass M0. When minR0  1 the
field is nearly constant and equal to φin0 inside the object
and varies over a thin shell close to the surface. This is
6not the case when minR0  1 as the value of φ at the
centre is equal to φ(0) = φin0 ∼ φout0 and the overdensity
due to the object has a small effect on the field profile.
We can distinguish these two possibilities.
First we consider the case of a small object (ideally a
test particle) of size R0 such that minR0 ∼ moutR0  1
and for which φ(0) ∼ φout0 . Within this approximation
from Eq. (36) the field outside the object reads
φout(r) ' φout0 +
∂φ0
∂ρ
∣∣∣∣
out
m2out
M0
4pir
, (41)
and the potential equals
Ψ5(r) ' −
(
∂φ0
∂ρ
)2
out
m4out
M0
4pir
. (42)
For such objects behaving like test particles, this should
be identified with
|Ψ5(r)| = 2β2testΦN (r) , (43)
where ΦN is the Newtonian potential of the particle. We
thus obtain
βtest = MPlm
2
out
∣∣∣∣∂φ0∂ρ
∣∣∣∣
out
, (44)
with MPl the reduced Planck mass M
−2
Pl = 8piGN . This
measures the strength of the fifth force coupling between
point particles. Note that in general Eq. (44) depends on
the surrounding distribution of matter ρout, while in the
standard chameleon one always has βtest = const.
Moreover Eq. (44) yields an extremely important re-
sult: if the minimum of the effective potential does not
depend on the energy density, then βtest = 0 and con-
sequently there is no fifth force interaction between two
particles. This is a general conclusion valid for any scalar
field models irrespective of the form of its effective po-
tential and in fact in well known screening mechanism,
such as the chameleon and symmetron models, the min-
imum of the potential always changes with the environ-
ment. Hence the constancy of the minimum precludes
the appearance of the fifth force not only at the macro-
scopic level, i.e. between extended spherical bodies (see
Sec. II D), but also at the microscopic one, namely be-
tween test particles.
We can now look at the case of objects extended in
space, which cannot be idealized as test particles (this
might be the case of the Moon orbiting Earth for exam-
ple). When the object is not such that minR0  1, its
fifth force potential is given by Eq. (40), which at first
order in R0/r is
Ψ5(r) ' −m2out
dφout0
dρ
(φin0 − φout0 )Cout
R0
r
. (45)
This can be identified with
Ψ5(r) = (1 + 2βobjectβtest)ΦN (r) , (46)
where βobject is the coupling strength of the object due
to the fifth force. Comparing these two equations with
Eq. (44) we obtain
βobject =
|φin0 − φout0 |
2MPl
Cout
ΦN (R0)
. (47)
Such an object is screened if
βobject ≤ βtest . (48)
When minR 1, and consequently Cout ∼ 1, we recover
the usual thin-shell condition of chameleon models [3, 4]
here extended to a larger class of theories. On the other
hand when minR 1 and min ∼ mout one can check that
βobject ' βtest, in agreement with the previous analysis.
In the general case, these results can be extended to
interactions between screened bodies. Consider two bod-
ies A and B with couplings βA,B as defined by (47), then
the potential felt by body A and generated by body B is
simply
Ψ5(r) = (1 + 2βAβB)ΦN (r) . (49)
We will use this result when calculating the perihelion of
the moon in the vicinity of the earth. We can also calcu-
late the effect of a diffuse distribution of matter creating
the scalar field profile φ(~x) on a body of effective coupling
βA, the fifth force potential becomes
Ψ5 =
βA
βtest
log(1 +
∂f
∂ρ
) , (50)
due to the screening effect βA ≤ βtest on the coupled
body A. This will be used for a dark matter halo acting
on bodies moving either inside or outside the halo.
F. Solar System constraints
In this section we will use the fifth force potential (40)
to constrain the mass m and minimum φ0 of the effective
potential comparing possible predictions within the Solar
Systems against the observational data. Of course given a
particular model, i.e. given the functions m2(ρ) and φ0(ρ)
in terms of some parameters, the constraints derived in
this way can also be used to put upper or lower bounds
on the parameters.
In the fifth force potential (40), the first term in 1/r
gives a correction to Newton’s law while the second term
gives non-Newtonian corrections to planetary motions.
At large enough distance r  R, these two terms are the
leading effects to the orbits in the Solar System. Using
Eq. (40), it is convenient to define the ratio
 ≡ δΦN (r)
ΦN (r)
=
Ψ5(r)
ΦN (r)
= −Coutm2out
∂φ0
∂ρ
∣∣∣∣
out
(
φin0 − φout0
) R
GNM
+ . . . , (51)
7where δΦN = Ψ5 is the fifth force correction to New-
ton’s potential GNM/r and M is the mass of the objects
around which other test objects orbit, i.e. either the Sun
for planets or the Earth for the Moon. The dots rep-
resent the higher order corrections in R/r which can be
neglected when r  R. This ratio is constrained at the
10−5 level in the Solar System when M = M for the
sun-planets system [10], namely
|| ≈ Cs.s. m2s.s.
∂φ0
∂ρ
∣∣∣∣
s.s.
(
φ0 − φs.s.0
) 1
Φ
. 10−5 , (52)
where we have defined Φ ≡ ΦN (R) ∼ 10−6 to be the
Newtonian potential on the Sun’s surface and where the
outside matter density is taken as the mean interplane-
tary density, coinciding roughly with the mean galactic
density ρs.s. ∼ 10−41 GeV4. We have also defined Cs.s. to
be Cout evaluated at ρin = ρ, ρout = ρs.s. and R = R.
On the other hand, the perihelion advance due to the
non-Newtonian force in 1/r3 is given by
δϕ = pir
d
dr
[
r2
d
dr
( 
r
)]
, (53)
and thanks to Eq. (40) it is dominated by
δϕ = pi C2out
[
∂m2
∂ρ
∣∣∣∣
out
−m4out
(
∂φ0
∂ρ
)2
out
]
× (φin0 − φout0 )2 R2GNMr . (54)
which can be rewritten as
δϕ = pi C2out
∂m2
∂ρ
∣∣∣∣
out
(
φin0 − φout0
)2 R2
GNMr
− 2GNM
r
,
(55)
In the Earth-Moon system, this is constrained at the
10−11 level [13]. Using  . 10−5 and the Newtonian
potential of all objects in the Solar System GNM/r .
Φ = 10−6, we see that the second term in Eq. (55) is
negligible compared to the constraint on δϕ at the 10−11
level. In the Earth-Moon system we impose therefore
δϕMoon ≈
pi (Cs.s⊕ )
2 ∂m
2
∂ρ
∣∣∣∣
s.s.
(
φ⊕0 − φs.s.0
)2 1
Φ⊕
R⊕
rMoon
. 10−11 ,
(56)
where the Newtonian potential on the Earth’s surface
can be estimated as Φ⊕ ∼ 10−9 and R⊕ and rMoon are
respectively the Earth’s radius and the Moon-Earth dis-
tance. Again we have defined Cs.s.⊕ to be Cout evaluated
at ρin = ρ⊕, ρout = ρs.s. and R = R⊕.
This last result only applies when the Moon is not
screened and behaves like a test particle in the gravi-
tational field of the Earth. When this is not the case,
i.e. when βMoon < βtest, the perihelion constraint is re-
laxed. For this situation we can take into account the
Moon screening effect multiplying the previous result by
the ratio βMoon/βtest, namely
δˆϕMoon =
βMoon
βtest
δϕMoon . 10−11 , (57)
which should provide a more accurate constraint. When
the Moon is not screened, i.e. when βMoon ' βtest, one
recovers the expression in Eq. (56).
Finally, the test of the equivalence principle in the
Earth-Moon system restricts the Eo¨tvos parameter as
[12]
ηMoon−Earth =
|aMoon − aEarth|
2(aMoon + aEarth)
≤ 10−13 , (58)
where aMoon and aEarth are the relative acceleration of
the Moon and the Earth to the Sun. Measuring these
quantities leads to a constraint on the coupling of the
Earth to the scalar field [4]
βEarth =
|φEarth0 − φs.s0 |
2MPl
Cs.s.⊕
Φ⊕
≤ 10−7 . (59)
To summarise, we can thus use these three tests in the
Solar System, namely Eqs. (52), (57) and (59), to con-
strain our Scalar-Fluid models. In practice given a par-
ticular model in terms of some parameters, i.e. given the
functions φ0(ρ) and m
2(ρ), these constraints can be used
to restrict the allowed parameter space of the model. An
interesting example is provided by the models considered
in the next sections, which nicely extend the standard
chameleon paradigm.
III. EXTENDED CHAMELEONS AT SOLAR
SYSTEM SCALES
One can apply the Solar System constraints derived in
the previous section to a specific model where the func-
tions φ0(ρ) and m
2(ρ) have been specified. There are
no restrictions on the types of functions one can use for
φ0(ρ) and m
2(ρ) and in principle any dependence might
be assumed. We will however focus the following analysis
on power-law functions since, as we are going to see, they
include and extend the well-known chameleon screening.
A. Extending the chameleon model
In the inverse power-law chameleon screening the ef-
fective potential of the scalar field reads
Vcham(φ) =
M4+αc
φα
+ ρ eβφ/MPl , (60)
where α and β are two positive and dimensionless param-
eters, MPl ∼ 1018 GeV is the (reduced) Planck mass and
Mc is a mass scale roughly constrained to be less than
810−12 GeV by Solar System observations [4]. Given the
physical requirements ρ  M4Pl and φ  MPl, the min-
imum and mass of the potential (60) can be expressed
as
φcham0 'Mc
(
β
α
ρ
M3cMPl
)− 1α+1
, (61)
m2cham 'M2c α(α+ 1)
(
β
α
ρ
M3cMPl
)α+2
α+1
. (62)
For the chameleon mechanism the minimum and mass
of the effective potential are thus effectively provided by
power-law functions of ρ.
In light of this result we will choose a Scalar-Fluid
model where the minimum and mass of the effective po-
tential are given by
φ0 = M1
(
ρ
M31MPl
)−p
, (63)
m2 = M22
(
ρ
M32MPl
)n
, (64)
where p and n are now free parameters and M1, M2 are
new mass scales which we are going to constrain using
Solar System observations. The chameleon case is easily
recovered setting
p =
1
α+ 1
and n =
α+ 2
α+ 1
, (65)
in which case the powers are also restricted to the ranges
0 < p < 1 and 1 < n < 2, and relating the mass scales as
M1 = Mc α
1
α+4 β−
1
α+4 , (66)
M2 = Mc α
1
α+4 (α+ 1)−
α+1
α+4 β−
α+2
α+4 . (67)
Notice that the chameleon parameter β coincides with
β ≡ βtest = const , (68)
as obtained for Scalar-Fluid models substituting the rela-
tions (65)–(67) into Eq. (44). This implies that from the
extended model (63)–(64) one can truly recover standard
chameleons setting the parameters as in Eqs. (65)–(67).
The generalised model (63)–(64) thus extends the
chameleon screening letting the minimum and mass de-
pend on unrelated powers of ρ and breaking the relation
between the two mass scales. Note that n = 0 and p = 0
respectively correspond to the cases where the mass and
the minimum do not depend on the matter density, the
latter being unconstrained within the Solar System (as
discussed at the end of Sec. II D). With the Scalar-Fluid
model (63)–(64) we will thus be able to test the unex-
plored scenario where p, n and M1, M2 are unrelated
and lie outside their corresponding chameleon ranges de-
fined by Mc and α.
B. Screening
It is well-known that in the standard chameleon mech-
anism the coupling strength between two test particles is
constant and coincide with the parameter β, which de-
termines nothing but the coupling between a test particle
and the scalar field. For the extended models just intro-
duced one must however use Eq. (44) to evaluate the fifth
force strength between two test particles. This gener-
ally provide an environment depending coupling strength
which, using the extended chameleon model (63)–(64),
reads
βECtest = |p|M1+3p1 M2−3n2
(
ρout
MPl
)n−p−1
. (69)
As we mentioned above, using Eqs. (65)–(67) one can
check that for standard chameleon models n− p− 1 = 0
and βtest = β is retrieved. This implies that the model
(63)–(64) is indeed a direct extension of the chameleon
mechanism where the coupling strength between two
point particles is allowed to depend on the local environ-
ment. Note however that the chameleon model is not the
only one where βtest is constant: in principle any model
for which n − p − 1 = 0, e.g. n = 2 and p = 1, will pos-
sess such features. In such cases the coupling strength
βtest will be determined by the ratio between the two
mass scales M1 and M2. Moreover note that if p = 0
we have βtest = 0, meaning that there is no fifth force
at all between two test particles. This result is in agree-
ment with the considerations we have made above, when
we have shown that the fifth force is completely screened
if the minimum of the potential does not change. On
the other hand a constant scalar field mass, correspond-
ing to n = 0, allows for a non-vanishing force between
two test particles. If in addition p = −1, corresponding
to a minimum linearly varying in ρ, then the resulting
βtest is constant, exactly as in the standard chameleon
case. This specific model will be particularly useful in
Sec. IV B, where we will analyse the effects of extended
chameleons on galaxy rotation curves, and it will be fur-
ther discussed in Sec. VI.
We can also compute the screening of an object of finite
dimensions as given by Eq. (47). In this case we find
βECobject =
Cout
ΦN (R0)
M1
2MPl
(
ρout
M31MPl
)−p ∣∣∣∣∣
(
ρin
ρout
)−p
− 1
∣∣∣∣∣ ,
(70)
where ρin is the density inside the object, e.g. the mean
density of the Moon, and Cout must of course be eval-
uated with the model (63)–(64). In the situation where
Cout  1, usually happening when minR 1, the object
is screened. Note that the p = 0 case gives βobject = 0,
again stressing the fact that no physical effects of the fifth
force are present when the minimum does not depend on
the local energy density.
9C. Solar System constraints
At this point we want to use the Solar System obser-
vations given by Eqs. (52), (57) and (59) to constrain the
parameters p and n and the mass scales M1 and M2 of the
extended chameleon model (63)–(64). The first thing we
need to compute however is the Solar System detectable
range of the model (63)–(64) given by the requirement
moutrs.s. . 1 (no Yukawa suppression). Within this
range the fifth force can be derived by the potential (40)
with good accuracy. For this evaluation the outside mat-
ter density is assumed to be ρs.s. ∼ 10−41 GeV4, which
approximately corresponds to the mean galactic density,
while the maximum distance within the Solar System is
estimated as rs.s. ∼ 1028 GeV−1, roughly the distance be-
tween Pluto and the Sun. After having determined the
detectable range in this way, we can use the Solar System
constraints just mentioned to deduce what part of it is
actually forbidden by the observations. In other words
we will determine what part of the parameter space can
be excluded by Solar System tests.
Let us now see how the constraints (52), (57) and (59)
can be implemented for the model (63)–(64). In this case
the detectable range is determined by the mass scale M2
and parameter n, since in the condition moutrs.s. . 1
only the mass of the effective potential appears:
M2
(
ρs.s.
M32MPl
)n
2
rs.s. . 1 . (71)
However in the Solar System constraints on the mass
scale M1 and the parameter p also appear. In fact using
the extended models (63)–(64), the first constraint (52)
becomes
|| ≈ Cs.s.
|p|
Φ
M21M
2
2
ρs.s.
(
ρs.s.
M32MPl
)n
×
(
ρs.s.
M31MPl
)−2p ∣∣∣∣(ρs.s.ρ
)p
− 1
∣∣∣∣ . 10−5 , (72)
while the second one (56), generally true even if the Moon
is screened with βMoon < βtest, yields
δˆφMoon ≈
βMoon
βtest
(Cs.s⊕ )
2pi|n|
Φ⊕
M21M
2
2
ρs.s.
(
ρs.s.
M32MPl
)n
×
(
ρs.s.
M31MPl
)−2p
R⊕
rMoon
[(
ρs.s.
ρ⊕
)p
− 1
]2
. 10−11 ,
(73)
where we recall that the test particle expression (56) has
been suppressed by the factor βMoon/βtest, which in the
present case is determined by Eqs. (69) and (70). Finally
the third constraint (59) becomes
βECobject =
Cs.s.⊕
Φ⊕
M1
2MPl
(
ρs.s.
M31MPl
)−p ∣∣∣∣(ρs.s.ρ⊕
)p
− 1
∣∣∣∣ ≤ 10−7 .
(74)
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FIG. 1. Solar System constraints for the chameleon model
(61)–(62). The red zone is forbidden by observations, the
blue zone is the allowed part of the detectable range given by
condition (71), while the rest of the parameter space (white
region) is viable due to the Yukawa suppression. The stronger
constraint (limit of the red region) is given by Eq. (72), while
the dashed and dotted lines denote the constraints (73) and
(74), respectively.
In all these constraints the only free parameters are p,
n, M1 and M2, while any other quantities are physically
determined: Φ ' 4× 10−6 (Newtonian potential on the
Sun’s surface), Φ⊕ ' 7.2×10−10 (Newtonian potential on
the Earth’s surface), ΦMoon ' 3.3×10−11 (Newtonian po-
tential on the Moon’s surface), ρs.s. ∼ 10−41GeV4 (mean
interplanetary matter density), ρ ' 6.2 × 10−21GeV4
(mean density of the Sun), ρ⊕ ' 2.4×10−20GeV4 (mean
density of the Earth), ρMoon ' 1.5 × 10−20GeV4 (mean
density of the Moon), RMoon ' 8.6× 1021GeV−1 (radius
of the Moon) and R⊕/rMoon ' 6 × 10−3 (ratio between
Earth’s radius and Earth-Moon distance). Moreover Cs.s.⊕
and Cs.s. are given by Eq. (38) with ρout = ρs.s and, re-
spectively, ρin = ρ⊕ plus R = R⊕ ' 3.2 × 1022GeV−1
and ρin = ρ plus R = R ' 3.5× 1024GeV−1.
1. Standard chameleons
Before analysing the full Scalar-Fluid model (63)–(64),
we will show what conclusions can be derived for the
chameleon case, where the minimum and mass of the ef-
fective potential are given by (61)–(62). Assuming a mat-
ter to scalar coupling of order one, β ∼ 1, the detectable
range and its corresponding zone excluded by Solar Sys-
tem constraint have been drawn in Fig. 1. Recall that
the value of n is related to α by Eq. (65), and thus is
constrained to be between 1 and 2 for 0 < α < +∞. The
dominant constraint for chameleons is (72), which de-
limit the excluded (red) region in Fig. 1. The dashed and
dotted lines denote instead the constraints coming from
Eqs. (73) and (74), respectively. Below the dashed line
the Moon is effectively screened (βMoon/βtest . 10−4).
However if the Moon were not screened then the con-
straint (73) would actually be the stronger one and even
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more detectable range would be excluded by the ob-
servations. Higher values of the chameleon mass scale
(Mc & 105) are excluded by both Eqs. (72) and (74),
while the condition (73) fails to constrain this part of the
parameter space.
Note how the observations exclude a great part of the
detectable range, although some of it is still available
and could in principle be probed by future experiments.
Fig. 1 summarises the present phenomenological situa-
tion for the chameleon model (61)–(62). Our results com-
plement the bounds already given in [4].
2. Single mass scale models
In order to simplify the analysis of the extended models
(63)–(64), we will first consider the case where the two
mass scales coincide, namely M1 = M2 = M . For this
case the detectable range, still given by Eq. (71), and
the corresponding Solar System constraints have been
depicted in Fig. 2 for both positive (p = 1/2, 1, 2, 3) and
negative (p = −1,−2,−3) values of p. The region of the
detectable range forbidden by observations is shown in
red for the chosen values of p. In the figure the regions
excluded by higher absolute values of p include the ones
denoted with corresponding lower absolute values. For
example the region excluded by p = 2 includes also the
areas denoted with p = 1 and p = 0.5 and analogously the
region excluded by say p = −3 include the ones denoted
by p = −1 and p = −2 as well. Note also that in the
bottom left of the whole positive p red region there is a
small area which is not excluded by p = 1, but which
is excluded by p = 2 and by higher values of p. The
white region in Fig. 2 corresponds again to parameters
choices for which the fifth force is Yukawa suppressed,
and thus physically viable since its effects will never be
strong enough in the Solar System.
Interestingly the detectable range now extends also to
negative and vanishing values of n, although there high
values of M are Yukawa suppressed while lower values are
potentially detectable. This is an expected feature con-
sidering that m2 is directly proportional to M for n < 0,
and thus the higher the value of M the more suppressed
the Yukawa potential will be, the opposite trend happen-
ing for n > 0. Models with a constant effective potential
mass, namely n = 0, allow for possible values of M to be
within the detectable range, as Fig. 2 shows. This is an
interesting feature suggesting that models where only the
minimum of the effective potential depends on the mat-
ter density can actually be constrained by Solar System
observations.
The dominant constraints in Fig. 2 are the equivalence
principle bounds given by Eq. (74) and the Cassini bound
given by Eq. (72). The first one forbids all parts of the
red regions for n & 0.8, i.e. for positive p, except the little
“protuberances” appearing in the bottom left of p = 1/2
and p = 1 which are actually excluded by the Cassini
constraint (72). The n . 0.8 constraints are instead
dominated by the Cassini experiment (72), although the
constraint (74) gives comparable bounds. From Fig. 2
it is clear that the higher the absolute value of p, the
more of the parameter space is excluded by observations.
However while the limit p→ −∞ manages to exclude the
whole bottom left part of the detectable range, the limit
p → +∞ fails to exclude the whole top right part. In
fact the low mass region of the n & 0.8 detectable range,
roughly between M ∼ 10−20 and M ∼ 10−13, under the
excluded red zone, is never forbidden by observations, ir-
respectively of the value of p. Nevertheless high values of
n instead are excluded by models with p > 1 in a small
strip of region roughly above M ' 10−13GeV. For this
feature the higher the value of p, the wider the strip and
the higher the values of n that will be forbidden. On the
other hand in the limit p → 0 basically the entire de-
tectable range becomes viable, again in agreement with
the fact that no fifth force effects are present if the min-
imum of the effective potential does not depend on the
matter density.
For p . −3, in addition to the excluded zones shown in
Fig. 2 for n . 0.8, there is also a small portion of the n &
0.8 region which becomes forbidden by the experiments,
in particular by Eq. (74) and, less strongly, by Eq. (72).
These regions have been drawn in Fig. 3 for the values p =
−3,−4,−5,−6. Although they could not be presented in
Fig. 2 simultaneously to the positive n constraints, it
should be clear that the regions of Fig 3 must be added
to the ones in the n . 0.8 part. For example the total
Solar System constraints on the p = −3 model are the
one depicted in Fig. 2 for n . 0.8 plus the small region
shown in Fig. 3 for the n & 0.8 part.
Finally note that for n = 1 only high values of M lie
in the detectable range and unless p is extremely small
(p . 0.01) such values are always excluded by the ob-
servations. For n = 2 instead all values of M belonging
to the detectable range, roughly from the Planck scale
down to M ∼ 10−16, are excluded if p & 1, while part
of the detectable range is still viable if p . 1, becoming
the whole M detectable range when p 1. In the inter-
esting constant mass case n = 0 instead we notice that
models with p . −1 exclude the entire detectable range
for M . Looking at Fig. 2 this trend can roughly gener-
alized as follow: for n < 0 the whole detectable range of
M is always forbidden if p . n− 1.
The extended chameleon models (63)–(64) with M1 =
M2 = M thus allow for viable generalisations of the stan-
dard chameleon framework where the exponent n not
only can take values outside the range 1 < n < 2, but it
can also be negative or zero. This last case is of great in-
terest because it implies that there exists a viable screen-
ing mechanism where the effective mass of the scalar field
does not change. Moreover in the p . −1 case such model
can successfully be restricted by current Solar System ex-
periments.
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FIG. 2. Detectable range and Solar System constraints for model (52) and (56) with M1 = M2 = M . Red regions are excluded
by the experiments, blue regions denote Solar System the detectable range, while in the white zone the fifth force is Yukawa
suppressed and consequently undetectable.
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FIG. 3. Solar System constraints for model (52) and (56) with
M1 = M2 = M in the region n & 0.8 when p takes negative
values (c.f. Fig. 2).
3. Double mass scale models
Finally we can turn to the general case M1 6= M2.
Since now there are four free parameters in (63)–(64),
it will not be possible to simultaneously show the con-
straints for all of them. We must fix two of them in
order to draw pictures in the parameter space of the re-
maining two. For this reason in the following we will only
focus on the cases n = −2,−1, 0, 1, 2. We will thus draw
the detectable range in the (M1,M2) parameter space for
these values of n and show the Solar System constraints
for different integer values of p, from −3 to 3. The re-
sult of this analysis is summarized in Fig. 6 below (ignore
the green regions in Fig. 6 for the moment, they will be
treated in Sec. IV A 3).
First of all note how the detectable range (depicted in
blue in Fig. 6) depends only on the values of M2, since
this is the mass scale entering the scalar field mass, as
pointed out above. Because of this, all the detectable
ranges plotted in Fig. 6 can be obtained by the inter-
section of the detectable range of Fig. 2 with the ver-
tical lines at n = −2,−1, 0, 1, 2 respectively. On the
other hand the detectable region in the (M1,M2) param-
eter space for the case M1 = M2 reduces to the dashed
lines shown in Fig. 6. The white region in Fig. 6 indi-
cates again parameter values for which the fifth force be-
comes Yukawa suppressed and thus impossible to detect
within the Solar System. Note that for n . 0.8 (includ-
ing n = 0) high values of M2 are Yukawa suppressed,
while low values can possibly be detected (and thus con-
strained) within the Solar System. On the contrary for
n & 0.8 low values of M2 are detectable and high values
are suppressed, in agreement with Fig. 2. The bound-
ary of the detectable range will of course depend on the
value of n, however for large negative and positive values
of n this boundary tends to converge toward the value
M2 ' 10−20 GeV, as one can realise looking again at
Fig. 2.
The regions excluded by Solar System experiments are
drawn in red and as before the ones with higher absolute
value of p include the ones with lower absolute value. For
example for p = 3 (p = −3) the whole region excluded
by Solar System constraints is represented not only by
the red zone denoted with p = 3 (p = −3), but also by
the ones denoted by p = 2 (p = −2) and p = 1 (p = −1).
This means that the higher the absolute value of p, the
more of the parameter space is excluded by the obser-
vations, irrespectively of the value of n. The dominant
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constraints in this case are again given by Eqs. (72) and
(74), except for the “protuberances” appearing for pos-
itive p’s in the n = 1 and, more evidently, in the n = 2
case of Fig. 6 which are solely determined by the Cassini
bound (74).
When M1 6= M2 the full parameter space of the ex-
tended chameleon models (63)–(64) is available and, as
a consequence, values of M that were excluded in the
case of equal mass scales, can now become viable when
M1 6= M2. For example, for n = 2 and p = 2 the whole
detectable range is forbidden in the equal mass case, as
can be realized looking at the bottom left plot in Fig. 6,
where the dashed line is completely inside the zone ex-
cluded by the observations, or observing that in Fig. 2 the
detectable range restricted to the n = 2 vertical line is
completely excluded by Solar System experiments. How-
ever for a fixed value of M1 which was excluded in the
M1 = M2 case, say 10
−12GeV, a different value of M2,
say M2 . 10−18 GeV, can now lead to a viable model
within the detectable range. This is of course due to the
fact that one has more parameters, and thus more free-
dom, if the two mass scales M1 and M2 are uncorrelated.
On the whole Fig. 6 shows that for the extended
chameleon model (63)–(64) a great part of the detectable
range is still allowed by the present observations and in
principle could be probed by future experiments. The
situation is somehow different from the one of standard
chameleons where, as shown by Fig. 1, almost all the
detectable range seems to be forbidden by observations.
IV. EXTENDED CHAMELEONS AT GALACTIC
SCALES
In this section we will investigate the possible effects
of the extended chameleon model (63)–(64) at galactic
distances.
A. Constant density profile
Before considering more realistic galaxy profiles, we
will again employ the useful constant density profile (35)–
(36) in order to compare the expectations at galactic dis-
tances with the Solar System constraints derived in the
previous sections. In other words we will first model a
galaxy as a spherically symmetric distribution of constant
matter density immersed in a surrounding environment,
assumed again to be characterized by a constant density.
Typically this outside matter distribution either repre-
sents the cosmological vacuum or the galaxy cluster halo
in which the galaxy is embedded. This clearly constitutes
an oversimplification of the problem, but it will be useful
to understand what to expect outside the virial radius.
In fact we consider the galaxy to have a central core of
radius Rgal immersed in a lower density which is a good
approximation outside the virial radius Rvir of the galac-
tic halo. We will take this outside density to extend up
to a large radius Rhalo  Rvir which can be considered as
the size of the galaxy cluster to which the studied galaxy
belongs. We will consider this model as a first approxi-
mation for the galaxy embedded in its cluster and valid
for distances r & Rvir. What we want to compute is the
deviation from the Newtonian potential outside the virial
radius in order to estimate the fifth force effects acting
on objects outside the dark matter halo of the galaxy.
First we must exclude any effects outside the galac-
tic detectable range defined by mhaloRhalo . 1 where
the Yukawa suppression guarantees the screening of
the scalar field implications. Adopting the extended
chameleon model (63)–(64) such requirement transforms
into
M2
(
ρhalo
M32MPl
)n
2
Rhalo . 1 , (75)
where we estimate the radius of the cluster dark matter
halo as Rhalo ∼ 10 Mpc ∼ 1039 GeV−1 and its density
as ρhalo ∼ 200 ρ0 where ρ0 ' 4.4 × 10−50GeV4 is the
cosmological critical density.
We can evaluate the deviation from Newtonian grav-
ity in the region r  Rvir where Rvir ∼ 200 kpc ∼
1037 GeV−1 is our estimated value for the virial radius of
the galaxy. Within such region the first order correction
to the Newtonian potential is in fact given by Eq. (51),
which now reads
|gal| ≈ Chalogal
|p|
Φgal
M21M
2
2
ρhalo
(
ρhalo
M32MPl
)n
×
(
ρhalo
M31MPl
)−2p ∣∣∣∣(ρhaloρgal
)p
− 1
∣∣∣∣ , (76)
where the density inside the galaxy can be estimated as
ρgal ∼ 10−41 GeV4, implying a Newtonian potential at its
boundaries as Φgal ∼ 10−6. Here the factor Chalogal is given
by Eq. (38) with ρin = ρgal, ρout = ρhalo and R = Rgal.
1. Standard chameleons
We can first analyse the standard chameleon case (61)–
(62) in order to understand whether such well-known
model admits possible applications at galactic scales.
In Fig. 4 we have plotted in green the region where
|gal| > 0.01, i.e. where the fifth force is at least 1%
of the Newtonian force. This should indicatively denote
the region where fifth force effects can possibly be de-
tected by present or future observations at galactic dis-
tances. As clear from Fig. 4, for the standard chameleon
model this region of the parameter space is wholly con-
tained within the part excluded by Solar System exper-
iments. This implies that chameleon effects at galactic
scales are either ruled out by present constraints or com-
pletely screened. It seems thus improbable to find any
fifth force effect within galaxies like the Milky Way for
the standard chameleon model. On the other hand, mod-
els with the chameleon mechanism such as f(R) models
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FIG. 4. Galactic screening for the chameleon model (61)–(62).
The green area denotes the region where possible effects of the
fifth force could be detected at galactic distances. The rest of
the picture coincides with Fig. 1.
in the large curvature limit could be tested using dwarf
galaxies with a surface Newton potential below 10−7. In
the following, we shall restrict ourselves to cases like the
Milky Way where the standard chameleon do not yield
interesting results on galactic scales and analyse models
where this is no longer the case, i.e. where the scalar field
can play a non-negligible role either inside or outside the
virial radius of such galaxies.
2. Single mass scale models
At this point we can repeat the analysis for the sin-
gle mass scale models where the minimum (63) and mass
(64) are related by assuming M1 = M2 = M . In Fig. 5
we have drawn for different values of p the regions of
the (p,M) parameter space where |gal| > 0.01 (depicted
in green with vertical labels). These should roughly in-
dicate where fifth force effects at galactic scales might
be detected by present or future experiments capable of
probing the Newtonian force with a 1% accuracy. As
one can realise looking at Fig. 5, for negative values of
p these regions are completely contained within the area
excluded by Solar System experiments and thus no devia-
tions from Newton’s law should appear outside the virial
radius. Note that this holds also in the interesting n = 0
case, where the scalar field mass is constant. For positive
values of p however there are regions of the parameter
space where possible fifth force effects in the galaxies are
not ruled out by Solar System constraints. From Fig. 5
we see that this happens for p = 2, 3, but not for p = 1
whose green region is completely immersed in the corre-
sponding excluded red region. Hence if p & 2 there are
combinations of the model parameters for which possi-
ble galactic deviations from Newtonian gravity might be
present. Interestingly a major part of these regions lies
within the Solar System detectable range and could thus
be excluded by future local experiments, unless galactic
observations will manage to rule them out first.
3. Double mass scale models
Finally it remains to investigate the full extended
chameleon models (63)–(64) where the two mass scales
are allowed to take different values. The regions of the
(M1,M2) parameter space where |gal| > 0.01 are shown
in green in Fig. 6 for different values of p from −3 to 3.
Looking at the plots on the left hand side of Fig. 6, it is
clear that negative values of p do not allow for possible
fifth force effects at galactic distances (outside the virial
radius) since they are always excluded by Solar System
experiments. On the other hand for positive values of
p there is always a region of the parameter space where
deviations from Newton’s force are big on galactic scales
and has not yet been excluded by local constraints. The
exception seems n = 2 where only for p & 3 the green
area is not completely excluded by Solar System bounds.
However, even if not shown in Fig. 6, for n & 3 the Solar
System observations fail to exclude the whole detectable
region down to its boundary and part of it becomes again
unscreened at galactic scales irrespectively of the value
of n (in other words even for small ns the green region
is not completely excluded by the red one since it en-
compasses smaller values of M2). Note however that for
n = 1 the galactic unscreened regions appear only for
M1 & 1018 GeV. This may lead to trans-Planckian theo-
ries, usually problematic from a quantum point of view.
In the interesting n = 0 case however there is always a
small part of the Solar System detectable range which
is not excluded by the observations and where possible
galactic fifth force effects might be of a relevant magni-
tude. For example choosing n = 0 and p = 1, from Fig. 6
one can see that the mass scales M1 = 10
−10 GeV and
M2 = 10
−40 GeV are expected to provide non negligible
deviations to the Newtonian attraction outside the virial
radius. On the other hand, as we are going to see, the
model n = 0 and p = −1 gives interesting effects within
the virial radius.
B. NFW profile
The aim of this section is to give an example of the
possible effects that extended chameleons might provide
at galactic distances, in particular regarding galaxy rota-
tion curves. This can be achieved only penetrating inside
the virial radius and for such analysis we will be using
a realistic mass profile. We will not provide constraints
on the model parameters here since the comparison with
observational data at galactic scales would demand for a
more detailed investigation which lies outside the scope
of our work.
We will model the galactic density using the well-
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FIG. 5. Galactic screening for the models (63)–(64) with M1 = M2 = M . The green zones denotes the region of the parameter
space where possible fifth force effects might be detected at galactic distances. They become larger as |p| increases. The rest
of the figure coincides with Fig. 2.
known NFW profile defined by
ρNFW =
ρs
r/Rs (1 + r/Rs)
2 , (77)
where ρs and Rs are two constants which will be roughly
assumed to be
ρs ∼ 10−41 GeV4 and Rs ∼ 1036 GeV−1 (10 kpc) ,
(78)
in the following figures.
The Newton potential obtained from the profile (77) is
given by
ΨN (u) = −4piGρsR2s
log(u+ 1)
u
, (79)
where u = r/Rs and a constant of integration has been
fixed to avoid a divergence at the origin [23]. The Newto-
nian acceleration (proportional to the Newtonian force)
is then simply given by the derivative of (79) with respect
to r.
We would like to find the fifth force potential for the
NFW profile (77). Unfortunately for the most general
extended chameleon model (63)–(64), as well as for stan-
dard chameleons (61)–(62), it is extremely difficult (if
not impossible) to solve the scalar field equation (29) an-
alytically. Nevertheless some analytical solutions might
be found given some specific values of n and p (usually
integer numbers). In what follows we will consider the
case n = 0 and p = −1 motivating it with the following
reasons:
• It is the simplest model where a non-zero fifth force
arises (m is constant and φ0 is linear in ρ) and there
exists an analytical solution of Eq. (29);
• It is a conceptually interesting case where only the
minimum of the effective potential presents an envi-
ronmental dependence, while its mass remains con-
stant (new kind of screening);
In this case, the Klein-Gordon takes a simple form which
is amenable to analytical approximations when r . Rs
and r & Rs. The Klein-Gordon equation reads:
d2φ
dr2
+
2
r
dφ
dr
+M22φ =
βtest
MPl
ρNFW(r) , (80)
where we have introduced (see discussion in Sec. VI)
βtest =
M22
M21
. (81)
On galactic scales we can neglect the mass term in
Eq. (80) and get the field profile
dφ
dr
∼ βtestRsρs
2Mpl
+
C
r2
, for r . Rs , (82)
where C is an integration constant. Similarly we have
dφ
dr
∼ βtestR
3
sρs
Mpl
ln rRs
r2
+
D
r2
, for r & Rs , (83)
where D is another integration constant. The accelera-
tion due to the scalar field, obtained deriving (25) with
respect to r, is
a5 = −βtest
MPl
(
dφ
dr
− 1
MPlM21
dρNFW
dr
) . (84)
15
p
=
-
1
p
=
-
2
p
=
-
3
p
=
-
1
p
=
-
2
p
=
-
3
n = -2
-50 -40 -30 -20 -10
-30
-28
-26
-24
-22
-20
Log10H
M1
GeV
L
L
o
g
1
0
HM
2
G
eV
L p=
1
p
=
2
p
=
3
p
=
1
p
=
2
p
=
3
n = -2
-20 -15 -10 -5 0
-30
-28
-26
-24
-22
-20
Log10H
M1
GeV
L
L
o
g
1
0
HM
2
G
eV
L
p
=
-
1
p
=
-
2
p
=
-
3
p
=
-
1
p
=
-
2
p
=
-
3
n = -1
-50 -40 -30 -20 -10
-34
-32
-30
-28
-26
-24
-22
-20
Log10H
M1
GeV
L
L
o
g
1
0
HM
2
G
eV
L
p
=
1
p
=
2
p
=
3
p
=
1
p
=
2
p
=
3
n = -1
-20 -15 -10 -5 0
-34
-32
-30
-28
-26
-24
-22
-20
Log10H
M1
GeV
L
L
o
g
1
0
HM
2
G
eV
L
p
=
-
1
p
=
-
2
p
=
-
3
p
=
-
1
p
=
-
2
p
=
-
3
n = 0
-50 -40 -30 -20 -10
-50
-45
-40
-35
-30
-25
Log10H
M1
GeV
L
L
o
g
1
0
HM
2
G
eV
L
p
=
1
p
=
2
p
=
3
p
=
1
p
=
2
p
=
3
n = 0
-20 -15 -10 -5 0
-50
-45
-40
-35
-30
-25
Log10H
M1
GeV
L
L
o
g
1
0
HM
2
G
eV
L
p
=
-
3
p
=
-
2
p
=
-
1
p
=
-
3
p
=
-
2
p
=
-
1
n = 1
-50 -40 -30 -20 -10
-5
0
5
10
15
20
25
Log10H
M1
GeV
L
L
o
g
1
0
HM
2
G
eV
L
p
=
1
p
=
2
p
=
3
p
=
1
p
=
2
p
=
3
n = 1
-20 -18 -16 -14 -12 -10
-5
0
5
10
15
20
25
Log10H
M1
GeV
L
L
o
g
1
0
HM
2
G
eV
L
p
=
-
3
p
=
-
2
p
=
-
1
p
=
-
3
p
=
-
2
p
=
-
1
n = 2
-50 -40 -30 -20 -10
-16
-14
-12
-10
-8
-6
Log10H
M1
GeV
L
L
o
g
1
0
HM
2
G
eV
L
p
=
3
p
=
2
p
=
1
p
=
3
p
=
2
p
=
1
n = 2
-20 -18 -16 -14 -12 -10 -8
-16
-14
-12
-10
-8
-6
Log10H
M1
GeV
L
L
o
g
1
0
HM
2
G
eV
L
FIG. 6. Solar System constraints (red) and no galactic screening (green) for the models (63)–(64) with values of n from -2 to 2
and values of p from -3 to 3. In each panel the blue zone delimits the Solar System detectable range, while in the white region
the fifth force is Yukawa suppressed.
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The constant C is chosen to remove the diverge of the ac-
celeration at the origin and we have that the acceleration
is constant at r = 0 (exactly as the Newtonian accelera-
tion). Taking C = − Rsρs
MPlM21
= −βtestRsρs
M22MPl
and matching
the approximate solutions at r = Rs we find that
a5 = −β
2
testRsρs
2M2pl
, for r . Rs , (85)
and
a5 ∼ −β
2
testR
3
sρs
M2plr
2
(
ln
r
Rs
+
3
M22 r
2
− 1
M22R
2
s
+
1
2
)
,
for r & Rs . (86)
The fifth force increases from infinity to its maximum
value at r = O(Rs) and decreases to a constant for
r → 0. This will be confirmed by the exact analytical
solution and numerical integration. The same approxi-
mation gives for the Newtonian potential and the New-
tonian acceleration
aN ∼ −Rsρs
4M2pl
, for r . Rs , (87)
and
aN ∼ R
3
sρs
4M2plr
2
(
ln
r
Rs
+ 1
)
, for r & Rs . (88)
This provides an order of magnitude for the ratio of the
scalar to Newton acceleration
| a5
aN
| ∼ 4β
2
test
M22R
2
s
, (89)
at its maximum around Rs. This ratio is much larger
than the ratio 2β2test for point particles. Far away we
have
| a5
aN
| ∼ 4β2test , for r  Rs , (90)
which will be small when βtest is small enough as required
to have
4β2test
M22R
2
s
∼ 1 for galactic effects when M2Rs . 1.
This will be confirmed numerically: in other words (89)
is in the right ballpark. We see that the fifth force is
enhanced in a galactic environment when M2 . 10−36
GeV. We will also see that no effects on large scale struc-
tures is guaranteed when M2 & H0. It is in this interval
of values that the model is the most interesting as its ef-
fects are most prominent on galactic scales whilst having
little relevance on both Solar System and cosmological
distances.
The previous approximations can be confirmed by an
exact calculation. The analytical solution of Eq. (29) in
the n = 0 and p = −1 model can be written in terms of
the exponential integral function Ei(x) defined as
Ei(x) = −
∫ ∞
−x
e−t
t
dt . (91)
The general solution takes then the following expression
φ(u) =
c1
Rs
e−γu
u
+
c2
Rs
eγu
u
+
γ2eγ(u+1)
2RsΩu
Ei[−γ(u+ 1)] + γ
2e−γ(u+1)
2RsΩu
Ei[γ(u+ 1)] ,
(92)
where c1 and c2 are two constants of integration and we
have defined two dimensionless parameters as follows
γ = M2Rs , and Ω =
M21MPl
Rsρs
. (93)
We can now compute the fifth force potential using the
general expression (25) which yields
Ψ5(u) = log
{
1− γ
2
ρsR4suΩ
2
[
c2Ωe
γu + c1Ωe
−γu − 1
+
γ2
2
eγ(u+1) Ei[−γ(u+1)]+ γ
2
2
e−γ(u+1) Ei[γ(u+1)]
]}
.
(94)
The acceleration due to the fifth force (proportional to
the fifth force itself) is then given by the derivative of this
potential with respect to r. In order to fix the integration
constants we require the fifth force to vanish at infinity
and to be finite at the origin (it cannot be made to vanish
for the same reason the Newtonian force is not zero at
r = 0). The first requirement is satisfied simply assuming
c2 = 0, while the second one leads to
c1 =
1
Ω
− e
γγ2 Ei(−γ)
2Ω
− e
−γγ2 Ei(γ)
2Ω
. (95)
The final expression of the fifth force acceleration is quite
involved and will not be presented here. The reader in-
terested in it can find the result simply deriving Eq. (94)
with respect to r.
We are now interested in the galactic rotation curves
arising from the combination of the Newtonian and fifth
force effects. For this reason we need to compute the tan-
gential velocity of an unscreened object rotating around
the galaxy. This is given by balancing the Newtonian
plus fifth force with the centripetal force as
vtg(r) =
√
r [aN (r) + a5(r)] , (96)
where aN and a5 are the Newtonian and fifth force accel-
erations, respectively given by the derivative of Eqs. (79)
and (94) with respect to r.
Now we want to find when vtg is substantially modified
by the presence of the fifth force. This happens roughly
when a5 is bigger or around the same order of magnitude
of aN . If a5  aN then the resulting galactic curves will
significantly differ from the Newtonian results and thus
it is highly probable that observations will eventually ex-
cludes such situations, though only a comparison with
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astronomical data can actually verify such a statement.
If instead a5  aN then the effects of the scalar field will
be screened in a NFW profile, and thus no signs of the
scalar field will appear at galactic distances. The inter-
esting range is thus determined by the condition a5 ∼ aN ,
where the fifth force might provide small modifications
to Newton’s law and thus present observational signature
in the rotation curves. As one might expect this requires
some fine tuning of the masses M1 and M2, i.e. of the
only two parameters of our model. In what follows we
will briefly discuss the single mass scale model, and then
analyse the two mass scale models presenting some inter-
esting examples.
1. Single mass scale models
In the reduced M1 = M2 = M case the fifth force ef-
fects on the galaxy rotation curves are always negligible
if M & 10−35 GeV, while they are predominant if roughly
smaller than 10−36 GeV. This can be understood noting
that in this case βtest = 1 and Eq. (89) gives that values
of M much smaller than 10−36 GeV lead to very large
scalar effects. In fact using the solution (94) we find nu-
merically that the interesting range where a5 ∼ aN is
roughly between 10−36 and 10−35 GeV. Unfortunately
such range is already excluded by Solar System observa-
tions, as one can easily realise looking at Fig. 2 for the
n = 0 and p = −1 case. It is then expected that galactic
constraints on M , at least when a NFW profile is con-
sidered, will be weaker than the already available Solar
System constraints we derived in the previous sections.
In fact what we can roughly deduce from our analysis
at galactic distances is that M  10−35 GeV, which is
worse than M & 10−27 GeV deduced from Solar System
experiments.
2. Double mass scale models
In the full two mass scale model, we find more interest-
ing results. One can understand the situation looking at
Fig. 7, where the galaxy rotation curves obtained for dif-
ferent values of M1 and M2 have been plotted. To obtain
such figures we have first chosen the value of M2, taking
into account the constraints of Fig. 6, and then found
values of M1 for which a5 ∼ aN . Smaller values of M1
and bigger values of M2 will give rotation curves com-
pletely dominated by the fifth force and thus most likely
to be excluded by experiments. On the other hand, for
bigger values of M1 and smaller values of M2 the effects
of the fifth force will be negligible and the scalar field will
be effectively screened in any galactic environment well
described by a NFW profile.
This behaviour is summarized in Fig. 8, where the
centre-left panel of Fig. 6 has been reproduced only for
the p = −1 case. The range where a5 ∼ aN , roughly
determined by the red dashed line in Fig. 8, now de-
pends on both masses and for sufficiently small values of
M2 it happens to be not excluded by experiments and
also to reside within the Solar System detectable range.
The examples in Fig. 7 have also been chosen to show
such features: to all values of M1 and M2 selected in
the figures there corresponds a point in parameter space
which lies close to the red dashed line. Interestingly these
points are all within the Solar System detectable range,
but always outside and relatively close to the excluded
region. This not only implies that the modifications of
the rotation curves shown in Fig. 7 are not yet ruled out
by local constraints, but also that the screening mecha-
nisms that produce them might be within the reach of
future experiments.
Looking at Fig. 7 we note that the fifth force contri-
bution always decreases faster than the Newtonian one
as r & Rs. In our approximate solution this can inter-
preted as coming from the fast decrease of the 1/(r2M22 )
term compared to the slow increase of ln r/Rs in (86)
and (88). This implies that at sufficiently large distances
from the centre of the galaxy the scalar field will be ef-
fectively screened and only Newton’s law will determine
the rotational motion of celestial objects. On the other
hand the deviations due to the fifth force is significant
around Rs (∼ 10 kpc), which roughly coincides with the
maximum of the Newtonian rotation curves, or even for
smaller radii. Interestingly such region is where the ef-
fects of the NFW profile on the observed galactic rotation
curves are more prominent and thus deviations from the
standard results might be tested more efficiently. Note
also that the fifth force for the NFW profile is always
attractive since it leads to higher orbital velocities in the
rotation curves. A non negligible presence of the scalar
field at galactic scales would thus imply that less dark
matter would be needed in order to fit the current obser-
vations of the rotation curves.
Finally we notice that all the values of M1 and M2 in
Fig. 7 happen to be outside the (n = 0 and p = −1) green
region of Fig. 6, i.e. the effects outside the virial radius
using the constant profile are negligible. As a matter
of fact using the NFW profile we find the same result
for r  Rs where the fifth force becomes completely
screened and the results obtained with the two profiles,
constant sphere and NFW, agree.
Although some dose of fine tuning on M1 and M2 is
necessary in order to achieve the condition a5 ∼ aN ,
i.e. using (89) we must have M2 ∼ M21Rs/2, the effects
of the fifth force on the galactic rotation curves presented
in Fig. 7 might constitute new possible signatures to look
for in the astronomical observations. For this reason the
comparison of these results against the observational data
of various galaxy rotation curves, which might provide
stronger constraints on the two mass scales of the model
or hints of the presence of the scalar field, deserves further
study.
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FIG. 7. Examples of galaxy rotation curves for the extended chameleon model (63)–(64) with n = 0, p = −1 and different
values of M1 and M2. The underlying matter distribution follows the NFW profile (77) with ρs and Rs given in Eq. (78). The
blue line represents the contribution of the fifth force, the green line the contribution of the Newtonian force and the red line
the total contribution of both forces combined.
V. EXTENDED CHAMELEONS AT
COSMOLOGICAL AND CLUSTER SCALES
In this section we will finally analyse the new extended
chameleon models at the largest scales of the universe.
We will focus on the constant mass model with n = 0 and
p = −1 since, as shown in the previous section, it can lead
to interesting observational signatures at galactic scales.
A. Background Evolution
The Scalar-Fluid models considered in this work mod-
ify the background cosmology in a way which is similar to
Scalar-Tensor theories. The full cosmological equations,
at both background and linear perturbations levels, have
been derived in [15, 17]. Defining by
Q0 =
∂Veff
∂φ
= m2(ρ)(φ− φ0(ρ)) , (97)
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FIG. 8. The Solar System constraints exclude the red region
when n = 0, p = −1 while the effects of the scalar force
would be of order larger than one at the core size Rs of a
NFW profile inside the small triangle region in blue.
the coupling between the scalar and matter, we have a
non-conservation equation for Cold Dark Matter (CDM)
ρ˙+ 3Hρ = Q0φ˙ , (98)
while the Klein-Gordon equation becomes
φ¨+ 3Hφ˙ = −Q0 , (99)
where the effective potential of the cosmological model is
taken to be
Veff(φ) = V0 +
1
2
m2(ρ)(φ− φ0(ρ))2 , (100)
that is to say we have introduced a constant energy den-
sity V0 which is responsible for the later time acceler-
ation of the expansion of the Universe (c.f. Eq. (12)).
Note that in a neighbourhood of the minimum φ0
the potential (100) could well approximate any effec-
tive potential for the scalar field; for example Veff =
V0 cosh
[
m (φ− φ0) /
√
V0
]
.
The full cosmological dynamics of these models will not
be studied here. We will focus on the n = 0, p = −1 case
as it has nice features on galactic scales (c.f. Sec. IV B).
In this case, as long as m(ρ) = M2  H0, one can show
that the minimum of the effective potential
φmin = φ0(ρ) , (101)
is a cosmological tracker for the background cosmology.
Indeed, putting
φ = φmin + δφ , (102)
we have
δ¨φ+ 3H ˙δφ+m2(ρ)δφ = −ρ d
dt
(
φ˙
ρ
) , (103)
where ρ = ρ0a3 and 3M
2
PlH
2 ' ρ in the matter dominated
era (when ρ  ρφ). Now in a first approximation at
the minimum φ ' ρ/(M21MPl), implying Q0 ' 0 and
consequently ρ˙ + 3Hρ ' 0. We thus can obtain φ˙/ρ '
−3H/M21MPl and finally
δ¨φ+ 3Hδ˙φ+m2(ρ)δφ = −ρ 3H
2
2M21MPl
. (104)
As long as m(ρ) = M2  H, we have
δφ ∼ −ρ 3H
2
2M21MPlm
2(ρ)
, (105)
and therefore
|δφ
φ
| = 3H
2
2m2(ρ)
 1 , (106)
implying that the minimum is a tracker solution. For
instance with M2 = 10
−41 GeV H0, the tracking solu-
tion is valid at low z in the late time Universe.
B. Structure Formation
Even though the background cosmology is identical to
Λ-CDM as long as the field tracks the minimum of the
potential, there could be effects on the growth of large
scale structures. For the n = 0, p = −1 (constant mass)
model, the density contrast δ = δρρ satisfies (see [17] for
more details)
δ¨ + (2 + 3c2s)Hδ˙ + (c
2
s
k2
a2
− ρ
2M2Pl
C)δ = 0 , (107)
where the speed of sound is defined by
c2s =
M22
M41M
2
Pl
ρ . (108)
Notice that in the cases of interest whereH M2 M1,
we have that c2s  1 and the effects of the speed of sound
can be neglected. Similarly we have that
C = 1 + 36c2s
H2ρ
M41M
2
Pl
− 18c2s
H2M2Pl
ρ
+ 6(5 + 6c2s)
M22
M21
H2
M21
− 18M
4
2
M41
H2ρ
M41m
2
pl
+ 2
M42
M41
. (109)
Again, as long as H  M2  M1, all the correction
terms are small and we have C ≈ 1, implying that the
growth of structure is not affected by the presence of a
scalar degree of freedom and behaves like in the Λ-CDM
model at late times.
Note that taking H ∼ H0 ∼ 10−42 GeV the condition
H M2 M1 is attained in the last examples (bottom
panels) of Fig. 7, whilst it does not hold in the other
cases. This means that the constant mass model with
n = 0 and p = −1 can effectively screen the scalar field at
Solar System and cluster scales while giving interesting
results at galactic scales which might lead to possible
observational signatures.
20
VI. DISCUSSIONS & CONCLUSIONS
In this work we have employed the framework of
Scalar-Fluid theories to introduce and investigate new
kinds of couplings between a scalar field and the sur-
rounding matter energy density. In particular we have
defined the effective scalar field interaction by a quadratic
potential where the mass and minimum can arbitrarily
depend on the matter density. Thanks to its general de-
pendence on the environment, this quadratic effective po-
tential can in principle well approximate any scalar field
potential, as long as only values in the neighbourhood of
the minimum are considered. Within this broad context
we have found the conditions under which the fifth force
due to the scalar field is screened within the Solar System
and discussed its relation with the present experimental
constraints.
An important result follows: if the minimum of the ef-
fective potential does not depend on the matter energy
density, i.e. it is a constant, then the fifth force effects
are completely negligible. This is true not only at the
macroscopic level, which we have explicitly checked at
both Solar System and galactic distances, but also at the
microscopic level, since according to Eq. (44) the fifth
force between two test particles always vanishes if the
minimum is constant. On the contrary, a constant mass
does not generally preclude the fifth force from providing
detectable effects at all scales. This type of models dif-
fers drastically from chameleons, dilatons and symmetron
where the mass is always varying with the density. We
even find that such models can provide unexpected ef-
fects on galactic scales while preserving the solar system
gravity and the growth of large scale structure.
We have shown that a subclass of the general Scalar-
Fluid models, which we named extended chameleons,
nicely generalises and includes the well known chameleon
theories. For these models we have derived constraints
on the corresponding parameter spaces comparing their
effects against Solar System observations. Moreover we
have studied the possible effects at galactic distances,
first outside and then within the virial radius, where we
have shown that interesting deviations with respect to
the usual NFW profile might appear in the galaxy ro-
tation curves. These constitute possible observational
signatures to look for in comparisons with astronomical
data, which have been left for future work. We have
also checked that the dynamics at cosmological scales, at
both background and linear perturbations levels, corre-
spond with the one obtained with ΛCDM and that the
growth of structure is unaffected by the presence of the
scalar field, provided certain conditions are satisfied.
Within this class of extended chameleons we have
found that a specific scalar field model stands out: the
ones with a constant mass and a linearly dependent min-
imum. These models provide a new type of screening
mechanism where only the minimum of the potential
changes according to the environment, while the mass
remains untouched. For these models in Sec. IV B 2 we
have obtained interesting effects on the galaxy rotation
curves (see Fig. 7), which provide a two parameter mod-
ification of the common NFW results. For some values
of these two parameters the Solar System constraints are
satisfied and the dynamics at cosmological scales become
indistinguishable from ΛCDM, i.e. giving observable sig-
natures at galactic distances, while not influencing other
scales.
Furthermore the constant mass (with linear minimum)
model is also interesting from a microscopic point of view.
Indeed the strength of the fifth force felt between two test
particles is constant, as one can realise looking at Eq. (69)
which, for n = 0 and p = −1, yields
βtest =
M22
M21
, (110)
where M1 and M2 are the two constant parameters of
the model (respectively the mass scales of the minimum
and the mass). A constant βtest is obtained also with
standard chameleon theories, while extended chameleons
in general are characterized by a dependence of βtest on
the matter energy density. This suggests that the con-
stant mass model could also be testable by laboratory
experiments as the field profile would be very sensitive
to the distribution of matter in Casimir or fifth force ex-
periments.
In conclusion the results obtained in this work not
only show that new consistent screening mechanisms for
scalar fields can be defined employing the framework of
Scalar-Fluid theories, but also that these new models nat-
urally extend the well known chameleon theories and that
they might provide interesting observational effects on
the galaxy rotation curves, while passing all Solar Sys-
tem and cosmological tests.
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